We present deep Hubble Space Telescope observations of a new magnetar source, the soft gamma-repeater SGR 1935 + 2154, discovered by Swift. We obtained three epochs of observations: while the source was active in March 2015, during a quiescent period in August 2015, and during a further active phase in May 2016. Close to the center of the X-ray error region identified by Chandra we find a faint (F140W (AB) = 25.3) source, which fades by a factor of ∼ 2 over the course of 5 months between the first two epochs of observations, before rebrightening during the second active period. If this source is indeed the counterpart to SGR 1935 + 2154 then it is amongst the faintest yet located for a magnetar. Our observations are spaced over 1.3 years and enable us to place limits on the source velocity of µ = (60 ± 40) km s −1 kpc −1 ; observations on timescales of a decade can hence probe proper motion limits smaller than the velocities observed for the majority of pulsars. The comparison of the optical/IR and X-ray lightcurves of the source suggests that emission in the two regimes is associated but not directly correlated, offering support for a magnetospheric versus a fallback disc origin.
INTRODUCTION
Magnetars are neutron stars with surface magnetic fields in excess of 10 14 G (e.g., Kouveliotou et al. 1998) ; almost all sources emit short, soft X-ray bursts repeated in varying frequencies (from days to months to years). Although initially thought to be extremely rare, perhaps originating only from the most massive stars (e.g., Gaensler et al. 2005) , increasing numbers of magnetars have been found in recent years from their burst activity (e.g., Olausen & Kaspi 2014; Collazzi et al. 2015) , thanks to sensitive wide-field X-ray/gamma-ray monitors such as the Swift Burst Alert Telescope (BAT) and the Fermi/Gamma-ray Burst Monitor (GBM). The total number of confirmed magnetars is now approaching 30. Interestingly, magnetar-like bursts have been detected from Rotation Powered Pulsars (RPPs), including PSR J1846 − 0258; , and PSR J1119 − 6127 (Camilo et al. 2000; Gögüş et al. 2016) , possibly providing the link between the two populations. This link was strengthened with the detection of magnetar sources with low magnetic fields well within the realm of RPPs, such as SGR 0418 + 5729 (B = 6 × 10 12 G; Rea et al. (2010) , Swift J1822.31606 (B = 1 × 10 13 G; Scholz et al. (2014) ) and 3XMM J185246.6 + 003317 (B < 4 × 10 13 G; Rea et al. (2014) ). It appears, therefore, that there may be a continuum between high B−field RPPs and magnetars, indicating a common origin and evolution between the two populations.
Most magnetars appear to be young (characteristic spindown ages t c = P/2Ṗ ∼ 10 3 − 10 4 years) suggesting they can only be detected for a short time after their formation. Long quiescent intervals between periods of strong bursts make obtaining a complete census of young magnetars in the Milky Way very difficult, if not impossible. Estimates of the fraction of the SNe resulting in magnetars versus "normal" pulsars have been made in the past with population synthesis models (Popov & Prokhorov 2006) and with simple calculations based on their ages and detected source numbers (Kouveliotou et al. 1994) ; both concluded that approximately 10% of the neutron stars formed in SNe could be magnetars.
However, combining typical magnetar lifetimes (∼ 10 4 years) with the Galactic core collapse SN rate ranging between 1-3 per century (Diehl et al. 2006) would require that between ∼ 30% − 10% of the Milky Way SNe have created the currently known magnetar population. Most likely the rate is even higher, as many more remain to be found. While this is a very crude estimate, such rates indicate that magnetar progenitors must be drawn from much further down the stellar mass function in order to explain the observed rate, something that has observational support in some cases (e.g., Davies et al. 2009 ). Understanding which stars create magnetars, either from detailed studies of magnetars themselves or from their environments, can, therefore, provide unique constraints on the diversity of the final stages of stellar evolution. Magnetars are increasingly invoked to explain many of the most energetic events in nature, including both long-and short-duration gamma-ray bursts and super luminous supernovae (e.g., Metzger et al. 2015; Rowlinson et al. 2013 ). While it is apparent that these events are far too rare to be linked to the ∼ 30 young magnetars observed in the Milky Way (see e.g., Rea et al. 2015) , recent work has suggested that magnetars may actually have played an important role as engines shaping many SNe (Sukhbold & Thompson 2017; Piran et al. 2017) , and hence understanding the frequency of their production, their progenitors, and in some cases their associated supernova remnants is of significant interest.
Magnetar discoveries are extremely challenging. Most sources have been detected when they enter burst active outbursts, emitting very short (∼100 ms), soft X-ray bursts at varying intervals and numbers (from several hundred per day to less than 10 per year). Bursting activity is almost always associated with an increase in X-ray luminosity that may last from days to months. While X-ray counterparts have been readily identified in the majority of cases, multi-wavelength observations are needed to accurately pinpoint the source and constrain the origins of the emission and the source dynamics via proper motion (e.g., Tendulkar et al. 2012 Tendulkar et al. , 2013 (Lien et al. 2014) , when it emitted a short, magnetar-like burst. Follow up observations with the Swift/X-ray Telescope (XRT) identified an X-ray counterpart; subsequent observations with Chandra enabled measurement of the source period (P=3.24729 s) . Finally, observations with NuSTAR and XMMNewton confirmed the period and provided the period derivative (Ṗ = 1.43 × 10 −11 s s −1 ), from which a dipole field of B = 7 × 10 14 G and a characteristic age of τ c = P/2Ṗ ∼ 3600 years were calculated Israel et al. 2016; Younes et al. 2017) . Following this initial detection a further period of activity was detected with GBM, beginning on 2015 February 22 (Burns & Younes 2015) , suggesting the 
Hubble Space Telescope
We obtained three epochs of observations of SGR 1935 + 2154 with HST. Observations consisted of a single orbit with the F140W filter to maximize throughput. The orients were set at 90
• or 180
• relative to previous epochs so that diffraction spikes from bright stars overlaid each other. At each epoch, we took 4x600 s of observations. Individual exposures were aligned utilizing point sources in common to each image, via the tweakreg task; finally the images were drizzled (Fruchter & Hook 2002 ) onto a common frame with an output scale of 0.07 . The RMS of tweakreg was tested by a direct map between point sources in the drizzled images and found to be ∼ 8 mas, setting the level of relative astrometry that can be obtained. Finally, we refined the world coordinate system using ∼ 100 2MASS stars, providing an absolute position accurate to better than 0.2 .
THE INFRARED COUNTERPART OF SGR 1935 + 2154
The field of SGR 1935+2154 was observed with Chandra/ACIS-S on 2014 July 15 for a duration of 10 ks. The source position was determined to be at RA=19:34:55.5978, DEC=21:53:47.7864, with an accuracy of 0.6 (90% confidence; Israel et al. (2016) ).
Our HST observations reveal one source within the Chandra error circle, with several more close to, but formally outside this region. The source within the error circle was clearly variable between our observations, strengthening its identification as the IR magnetar counterpart. No other variables were detected close to the X-ray location based on image subtraction, and the photometry of nearby stars was consistent between the images. Because of the crowded field, we performed photometry in a 0.1 radius aperture, and used published aperture corrections. Background estimation was achieved by placing apertures of the same size through the image away from obvious bright sources, although the field is sufficiently crowded that some background from faint stellar or diffuse objects may have been included. The resulting photometry is shown in Table 1 .
The IR counterpart location is at RA=19:34:55.606 DEC=21:53:47.45 (±0.2 ). We note that the photometry of the source in progressively larger apertures provides a brighter source even after correcting for the encircled energy, suggesting that there is a diffuse component, and implies that, even with the resolution of HST, precise photometry may be difficult. However, we also note that the measured fading is not strongly dependent on the aperture size, for aperture sizes < 0.3 ; beyond this, the increased background contribution and contamination from nearby stars begins to be significant.
There is no measured proper motion of the source between the first and final images taken 1.3 years apart, with the formal motion measured as µ = 13 ± 9 mas yr −1 , including the contributions from the astrometric tie (∼8 mas) and centroiding (∼4 mas). This assumes the source is point-like and may be subject to some additional uncertainty if underlying sources contributions could be accounted for. This issue could be resolved with future long-term observations with difference imaging. tions of ∼ 11 out of 29 magnetars 1 . Most of these detections have been made in ground-based K-band observations; the detected magnitudes are in the range 18 − 22 (e.g., Olausen & Kaspi 2014) . The counterpart of SGR 1935 + 2154 has a discovery magnitude of F140W(AB) ∼ 25.3 (H(Vega)=24.0), making it amongst the faintest discovered to date. Only the recent identification of 2E 1613.5-5053, the central compact object of the SN remnant RCW 103, appears fainter (Tendulkar et al. 2017) , although is also in a bluer band, where foreground extinction is a larger concern, and is somewhat brighter in the slightly redder F160W observations. However, there are HST observations that place deeper limits on a handful of magnetars -most notably observations of SGR 0418 + 5729 (Durant et al. 2011) , which was located in a region with relatively little crowding, where deep J-band observations place a limit of F110W<27.4. This depth is significantly fainter than our detection of SGR 1935 + 2154, despite the likely location of SGR 0418 + 5729 in the Perseus arm at a distance of only ∼ 2kpc, which is closer than the likely distance of SGR 1935 + 2154 (see section 4). Interestingly, SGR 0418 + 5729 has a very slow spin-down rate implying an unusually low field (Rea et al. 2010 ) and a large age. It is not clear whether the non-detection of an IR counterpart for this source depends on its large age or the fact that the IR observations were taken long after its active period ended.
In Figure 2 we compare the X-ray and IR light curves of SGR 1935 + 2154. The X-ray data shown are from the Swift/XRT (utilizing the methods of Evans et al. (2009) ) in the 0.3 − 10 keV range with an assumed counts to flux conversion of 10 −10 erg s −1 cm −2 count −1 , suitable for the spectrum observed (we assume no X-ray spectral variability; Israel et al. (2016) ; Younes et al. (2017) ) and use an approximate value). This is compared to the νF ν IR observations. The X-ray flux evolution has been modeled as an exponential decay (Younes et al. 2017) , but with very different time constants for the 2015 and 2016 outbursts of 43 and 3.7 days. These models are also plotted in Figure 2 .
While we do not have archival IR observations to establish a quiescent level well away from any activity, it is clear that at least in the case of the February 2016 outburst there was increased IR emission. However, this does not appear to directly track the X-ray observations. In particular, for the May 2016 outburst, the X-ray emission returns rapidly to quiescence on a timescale of a few days (Younes et al. 2017 ), a decay time a factor ∼ 10 shorter than in the February 2016 activation. However, the IR observations reveal a source at a similar brightness to the earlier outburst. This means that the X-ray to IR ratio is different by a factor of ∼ 2 − 3 between the first (March 2016) and final (May 2017) set of HST observations (see Fig 2) . This suggests that the origin of the IR emission is associated but not directly correlated to the X-rays.
The X-ray spectra can be fit with a combination of a blackbody (BB) and a power-law (PL) component Younes et al. 2017) . The BB has a temperature of ∼ 0.5 keV (∼ 5×10 6 K), peaking at 2 keV or 6Å. Extrapolating this BB to the IR predicts a magnitude > 37, far too faint for detection. Moreover, the BB component does not seem to be variable during outbursts (Younes et al. 2017) , and thus would not naturally explain the IR variation. However, the harder component does appear to vary during outbursts and its extension to IR is a more plausible explanation. XMMNewton, Chandra, and Swift observations suggest that the PL has a photon index of Γ ∼ 2, in which case extrapolation to the IR predicts F140W(AB) magnitudes around 22, comfortably explaining the IR counterpart emission (even accounting for extinction). However, the harder PL emission indicated by observations from NuSTAR, with Γ = 0.9 would predict a source ∼ 100 times fainter than observed. Clearly, the uncertainty of these results does not warrant extrapolating fluxes over a factor > 1000 in frequency.
Alternatively, the IR emission could arise from a fallback disc, as has been suggested for other magnetars (Wang et al. 2006; Kaplan et al. 2009 ); indeed models have been developed in which passive illumination of a fallback disc can drive correlated X-ray and IR emission in magnetar activations (see e.g., Ertan et al. (2006) ). However, the directly correlated emission is apparently rare (see section 4.1) and this argues against such an interpretation and points towards a magnetospheric origin both for the enhanced X-ray and the IR flux (Tam et al. 2004; Wang et al. 2008) .
The existence of such discs should be readily testable with observations in the near to mid-IR. Mid-IR imaging of the field has been taken as part of the WISE survey from 3.4-22 microns, and with the Spitzer GLIMPSE project from 3.6-24 microns. However, the poor point spread function of these surveys makes confusion a major issue at low Galactic lat- titudes, and the limiting magnitudes of the surveys are such that we would not expect to detect the counterpart even with extreme colors. For example, even without confusion, detection would require a factor > 100 brightness increase from F140W to 3.6 microns given the typical WISE 5σ limiting magnitude of ∼ 19.3 (AB) 2 . Given the confusion issues, and shallow depth we do not attempt to extract formal limits from the data; we note, however, that there is no extended mid-IR emission as seen in the case of SGR 1900+14 (Wachter et al. 2008) . With the advent of JWST it will be possible for the first time to obtain high resolution mid-IR observations particularly sensitive to the spectral signature of any fallback disc emission around magnetars.
Comparison with other magnetar counterparts
We compare the properties of the counterpart of SGR 1935+ 2154 with those of other magnetars by plotting the brightest optical/IR detections for each source in Figure 3 . In doing so, we show both the observed distribution of magnitudes and the same distributions taking into account uncertainties relating to foreground extinction and likely source distances.
2 http://wise2.ipac.caltech.edu/docs/release/allsky/ We find that while the counterpart to SGR 1935 + 2154 is particularly faint, it is not distinct from those of other magnetar counterparts, and is not necessarily of especially low luminosity. The quiescent and outburst X-ray fluxes for SGR 1935 + 2154 are relatively faint compared to other magnetars (Olausen & Kaspi 2014) , while the X-ray to IR flux ratio (in νF ν before absorption/extinction correction) is ∼ 5000. This suggests that for similar flux ratios HST observations will be a powerful route to identifying counterparts for much of the Galactic magnetar population. In the near future with JWST affording the combination of larger aperture and redder filter system (less affected by foreground extinction) we should be able to make snapshot colour identification of the counterparts of the majority of magnetars relatively routine.
In addition to the bulk photometric properties of the magnetar candidates, we can also compare the evolution in tandem of their optical/IR and X-ray emission following outbursts, which could be highly diagnostic of emission mechanisms. However, the limited observations of magnetar optical counterparts to date do not as yet provide a clear picture. Thus far, only magnetar 1E 2259 +586 shows a clear X-ray to optical/IR correlation, with identical decay indices following an outburst (Tam et al. 2004) . Other observations of different sources provide less clear and at times contradictory results. There is, e.g., a claim of correlated emission for XTE J1810-197 Rea et al. (2004 , based on late time X-ray and optical observations, but other analyses of the same magnetar with a larger sample of IR observations from the VLT (Camilo et al. 2007 ) suggest significant optical/IR variability, compared to a monotonic X-ray decay. The distribution of apparent magnitudes of the brightest detections (solid line) corrected for maximal extinction, defined as the entire Galactic extinction as measured by Schlafly & Finkbeiner (2011) . Bottom panel: As for the top panel, but plotted for absolute magnitudes, based on the best available estimates for the distances to magnetars (again from Olausen & Kaspi 2014) . The range for SGR 1935 + 2154 is shown in each panel as a solid horizontal line. While there is significant uncertainty in determining the physical parameters of the optical/IR counterparts, it is apparent that, while observationally faint, the counterpart of SGR 1935 + 2154 is broadly consistent with the properties of other counterparts (here we assumed a distance of 8 kpc for SGR 1935 + 2154). Note that other magnetars are based on ground-based K-band observations, so that a colour term needs to be applied between the F140W and these. Note: To avoid having to consider multiple color terms (in different directions) we only compare to ground based K-band observations. Tam et al. (2008) have reported on the results of multiyear observations of 1E 1048.1-5937, which indicate a complex behaviour even within this single source. For example, in 2002 the IR and X-ray emissions appeared to be anticorrelated, while in 2007 there was a significant rise in the IR flux at the time of an X-ray flare. Even the well studied case of 4U 0142+61 does not show a clear correlation between the persistent and the pulsed fluxes of the X-ray and IR/optical wavelengths (Durant & van Kerkwijk 2006) . Finally, Tendulkar et al. (2017) observed 2E 1613.5 − 5053 with HST shortly after it a magnetar-like outburst was detected by Swift (D'Aì et al. 2016; Rea et al. 2016) . They report an IR brightening coincident with the rise in X-rays, albeit at lesser brightness, e.g., at a factor of ∼ 3, compared to a factor of 7 in the X-rays.
It is plausible that this variety of behaviour suggests that there are a range of physical processes driving the X-ray and IR emission, and that the relative contribution of these in a given source is responsible for the diversity in emission. Indeed, the apparent difference in the outburst amplitudes could readily be explained by different relative X-ray and optical/IR levels in quiescence, something that seems likely. Alternatively, it may be that our understanding of the activity is incomplete, for example due to outbursts being missed, or because observations are not truly simultaneous in many cases (something that may be important close to outburst when the source may be evolving rapidly). Future observations to resolve this question require the intensive combination of cadence, depth (since the sources are faint) and co-ordination between different observatories.
The broader environment and birthplace
SGR 1935 + 2154 is located close to the Galactic plane at l = 57.25, b = 0.82. This direction lies along the Orion Spur (where the Sun lies) and crosses the Perseus Arm at 8 − 9 kpc distance. The significant overdensities of stars in this direction lie in these two regions, with most stars in the Perseus Arm. X-ray observations measure a N H in this direction higher than the total Galactic column (N H =(1.6 ± 0.2 )x10 It has been suggested that SGR 1935 + 2154 is associated with the supernova remnant G 57.2 + 0.8 (Gaensler 2014) , in which the magnetar is almost central. The SNR is approximately 0.1
• in radius, corresponding to ∼ 20pc at a favoured distance of 11.7 ± 2.8 kpc (Surnis et al. 2016 ) somewhat beyond the bulk of the Perseus Arm. Its size is comparable to young (< 20-kyr) SNRs in the LMC (Badenes et al. 2010) . We note that the size of the remnant would be inconsistent with the characteristic age of the magnetar were it located significantly closer (e.g., at 1 kpc within the Orion Spur); this offers further credence to the larger distance estimate.
Our measured motion of µ = 13 ± 9 mas corresponds to a physical velocity of (µ ∼ 60 ± 40) km s −1 kpc −1 . For a distance of 10 kpc our 2σ upper limit would be in the region of 800 km s −1 , something achieved by only the fastest ∼ 10−20% of neutron stars (Arzoumanian et al. 2002; Hobbs et al. 2005) . The location of the SGR within the SNR is probably within ∼ 30 of the centre, given the difficulties of determining the centre in existing radio imaging. This constrains the velocity to the < 400 km s −1 , comparable to the proper motion constraints. Given our intrinsic astrometric accuracy, observations on a timescale of 5 − 10 years would place proper motion limits lower than those of a typical neutron star (80 − 160 km s −1 ). There is no obvious sign of an underlying cluster environment as might be expected for a massive progenitor; sources close to the magnetar location have similar colours to those at larger radii. The region lies in the field of view of the IPHAS survey (Drew et al. 2005 ), but no Hα emission is seen near the magnetar location, which is not surprising given the high foreground extinction. Finally, there is some evidence for diffuse emission underlying the source position in our HST imaging, but given the high crowding of the field it is difficult to ascertain if this is true diffuse emission, or due to one or more fainter point-like sources.
SUMMARY
The optical/IR counterpart of SGR 1935 + 2154 is one of the faintest yet detected. Given the very crowded nature of the field it is clear that deep observations of X-ray locations will seldom allow for the unique identification of counterparts (e.g., Durant 2005; Durant & van Kerkwijk 2008) , in the absence of information about either colour or variability.
The extremely faint counterpart of the magnetar would have been extremely challenging for ground-based observatories, requiring several nights of integration with ground-based AO for detection. For many magnetars, therefore, the best chance of counterpart detection and identification with current technology may well be rapid response observations with HST. Such observations would ultimately enable light curve monitoring, the construction of spectral energy distributions and the measurements of proper motions.
